Spectral integration refers to the summation of activity beyond the bandwidth of the peripheral auditory filter. Several experimental lines have sought to determine the bandwidth of this ''supracritical'' band phenomenon. This paper reports on two experiments which tested the limit on spectral integration in the same listeners. Experiment 1 verified the critical separation of 3.5 bark in two-formant synthetic vowels as advocated by the center-of-gravity ͑COG͒ hypothesis. According to the COG effect, two formants are integrated into a single perceived peak if their separation does not exceed approximately 3.5 bark. With several modifications to the methods of a classic COG matching task, the present listeners responded to changes in pitch in two-formant synthetic vowels, not estimating their phonetic quality. By changing the amplitude ratio of the formants, the frequency of the perceived peak was closer to that of the stronger formant. This COG effect disappeared with larger formant separation. In a second experiment, auditory spectral resolution bandwidths were measured for the same listeners using common-envelope, two-tone complex signals. Results showed that the limits of spectral averaging in two-formant vowels and two-tone spectral resolution bandwidth were related for two of the three listeners. The third failed to perform the discrimination task. For the two subjects who completed both tasks, the results suggest that the critical region in vowel task and the complex-tone discriminability estimates are linked to a common mechanism, i.e., to an auditory spectral resolving power. A signal-processing model is proposed to predict the COG effect in two-formant synthetic vowels. The model introduces two modifications to Hermansky's ͓J. Acoust. Soc. Am. 87, 1738 -1752 ͑1990͔͒ perceptual linear predictive ͑PLP͒ model. The model predictions are generally compatible with the present experimental results and with the predictions of several earlier models accounting for the COG effect.
I. INTRODUCTION
The spectral envelopes of spoken vowels normally contain multiple peaks called formants. The interest in approximating phonetic quality by reducing the number of formants in synthetic vowels dates from the early 1950s. Delattre et al. ͑1952͒ experimented with back vowels whose first two formants are close in frequency and observed that the quality of these vowels is still preserved when a listener is presented with a single intermediate formant. This formant, located somewhere between the two, comprised an overall quality of the vowel, preserving its unique ''color.'' When formant separation was large, such as in front vowels, no single formant could be found that successfully approximated their quality. Delattre et al. ͑1952͒ concluded that an auditory mechanism must effectively average two formants which are relatively close in frequency. This phenomenon, known today as formant averaging or spectral integration, suggests that the auditory system performs an additional filtering of vowels beyond the level of the cochlea.
A further exploration of the ''center of prominence'' ͑or ''center of gravity''͒ of formant cluster in approximating phonetic quality of vowels led to the concept of the perceptually grounded ''effective second formant'' (F2Ј). F2Ј was to substitute for both F2 and higher formants of a natural vowel in their two-formant approximation represented by F1 and F2Ј. Empirical formulas for F2Ј computations from formant frequency values were proposed ͑Fant, 1959; Carlson et al., 1970 Carlson et al., , 1975 Bladon and Fant, 1978͒ . Center of gravity ͑COG͒ was understood as a possible correlate of F2Ј ͑Carlson et al., 1970͒. Further work on COG showed that when two formant peaks are separated by less than 3.5 bark, they are integrated into a single perceived peak, called the ''perceptual formant . The next step in the conceptual development was to link the 3.5-bark ''critical distance'' with predicting F2Ј values ͑Bladon, 1983͒, which resulted in further computational models of F2Ј ͑Escudier et al., 1985; Mantakas et al., 1988͒ . The model by Mantakas et al. was later applied to predicting the organizational trends in vowel systems of human languages ͑Schwartz et al., 1997͒. This line of research has established the validity of F2Ј as a perceptual parameter in approximating vowel quality in two-formant models. It also brought to light the hypothesis that the auditory system performs a ''large-scale spectral integration'' over a limited frequency range of 3.5 bark ͑e.g., Schwartz and Escudier, 1989͒ . This work focused necessarily on formant frequency values, assuming only implicit knowledge of the relation between the relative amplitudes of the formants. The role of formant amplitudes in spectral integration was explicitly addressed in a series of other studies ͑e.g., Bedrov et al., 1978; Chistovich, 1985͒ . This line of research investigated the COG effect, i.e., the process restricted to a limited frequency range of 3.5 bark. Accordingly, when two existing vowel formants are perceptually integrated, the frequency of the perceived peak ͑''perceptual formant''͒ is closer to that of the stronger formant. The amplitudes of the two formants play an important role in that a change in their ratio is equivalent to a frequency change of a single-formant vowel which approximates their quality ͑Chistovich and Lublinskaja, 1979͒. The 3.5-bark critical distance indicates a possible limit on spectral integration in that the COG effect disappears with larger formant separation.
The present study is a continuation of the latter line of research. It first re-examines the COG effect in the traditional format of two-formant vowels to verify the role of the critical separation of 3.5 bark in spectral integration ͑experiment 1͒. It then presents experimental evidence from psychoacoustics, showing that spectral integration in two-tone complex signals occurs within the limit of 3.5-bark resolution bandwidth ͑experiment 2͒. It advocates the view that spectral integration is a fundamental property of the auditory system. Further, the 3.5-bark critical distance is used by the auditory system in general signal processing, and is not restricted to speech perception. The focus of this work is not on approximating the phonetic vowel quality but on the auditory processing of complex signals before higher-level decision processes apply, such as making phonetic decisions. The following sections sketch the background of the study.
A. The COG effect in two-formant vowels and the 3.5-bark critical distance Chistovich and Lublinskaja ͑1979͒ reported that their two listeners matched a single-formant vowel of variable frequency (F v ) to a frequency between F1 and F2 of a twoformant reference signal, when the distance between the two formants was less than about 3.5 bark. The locus of F v was called the ''perceptual formant.'' Depending on A2/A1 ratio ͑the ratio of the formant amplitudes͒, the matches fell midway between the frequencies of the two formants (A2/A1 ϭ0 dB) or were directed towards either one of the stronger formants (A2/A1ϭϪ20 or 20 dB͒. When the separation between F1 and F2 exceeded 3.5 bark, there was no agreement as to the frequency of matching. One listener matched the single formant to one of the two actual formants and the second performed highly unreliable matches to intermediate frequencies between the two. Chistovich and Lublinskaja ͑1979͒ concluded that spectral integration fails for more than critical formant separation, i.e., for more than 3.5 bark.
Chistovich ͑1985͒ proposed a method for predicting listeners' matches to a two-formant reference vowel. The perceptual formant was defined as the centroid of the vowel spectrum weighted on the bark scale rather than absolute frequency ͑in hertz͒. However, this centroid measurement was only good for predicting results for signals with closely spaced formants. Chistovich and Lublinskaja's COG and critical distance effects were well manifested when listeners matched a single-formant signal of variable frequency to a two-formant reference. Results contrary to the COG effect were obtained, subsequently, in which multiformant vowels were used as both reference and variable signals ͑Beddor and Hawkins, 1990; Assmann, 1991͒. Testing the interaction of frequency and amplitude in low-frequency formants predicted by the COG effect, Assmann ͑1991͒ carried out two experiments. Using additive harmonic synthesis to control for altering the levels of adjacent harmonics in the region of the formant, he manipulated the amplitude of the first two closely spaced formants in back vowels. The experimental tokens ͑both the matching and the reference stimuli͒ included six formants to achieve more natural-sounding vowels. In one experiment, listeners adjusted the frequency of both F1 and F2 in the target tokens to match the reference tokens with modified amplitudes of F1 and F2. In the second task, listeners identified the tokens with modified amplitude ratios as instances of five selected English vowels. The stimuli were presented in two conditions, with low f 0 (125 Hz) and high f 0 (250 Hz). Results from the first experiment failed to replicate the findings from the single-formant matching experiments as in Chistovich and Lublinskaja ͑1979͒. Support for the COG effect was also weak from the results of the second experiment as some shifts in vowel quality were only obtained in the high f 0 condition.
An important finding from Beddor and Hawkins' study ͑1990͒ was that the influence of the spectral envelope on perceived vowel quality was greater when spectral peaks in the low-frequency region were less pronounced. That is, no COG effect was observed for oral vowels with well-defined peaks, whose quality was perceptually determined by the frequency of F1. For nasal vowels with less-visible peaks and valleys, the matches were more consistent with the COG effect and listeners relied less on the frequency of F1. Their third experiment addressed the issue of the effect of wellversus poorly defined formants on the perceived vowel quality by manipulating formant bandwidths. The results indicated that, in perceiving vowel quality, listeners relied on formant frequency for vowels with well-defined peaks ͑the narrow-bandwidth condition, BWϭ45 Hz͒, whereas the combination of both frequency and bandwidth influenced the perception of vowels with poorly defined peaks ͑the widebandwidth condition, BWϭ150 Hz͒.
In summary, the results from experiments in which a single formant was adjusted to match reference signals supported the COG effect. However, in the experiment where two formants were adjusted simultaneously to match the reference signal, the results were incompatible with the pre-dicted pattern. This suggests that the COG effect may not directly contribute to the phonetic perception of a full vowel spectrum, playing a different role in speech signal processing. Consequently, listeners may use different strategies in responding to different types of signals in matching tasks.
B. Two-tone complex signals and the 3.5-bark resolution bandwidth
Independently of the development of both the COG effect and the spectral centroid model by the Leningrad group, Feth ͑1974͒ and Feth and O'Malley ͑1977͒ studied spectral integration using psychoacoustic signals. This research investigated the pitch of two-tone complexes, following Voelcker's unified theory of modulation ͑1966a, 1966b͒. Voelcker began with the envelope-fine-structure representation of a signal
where E(t) is the envelope of the signal, and (t) is the angle. The envelope function represents slow variations in the amplitude of the signal and is often characterized as the result of amplitude modulation. The first time derivative of the angle function is often defined as the instantaneous frequency, f (t). Voelcker defined sets of common envelope signals that have identical envelope functions but different fine structure. The simplest set of common envelope signals is shown in Fig. 1 . For each signal, two sinusoids are separated by a small difference in frequency, ⌬F, and their amplitudes differ by a small amount, ⌬I. For one signal, the lowerfrequency component is more intense; for the complementary signal the higher-frequency component has the higher intensity. It can be shown that these two-component signals have identical envelope functions, as shown in the middle panel of Fig. 1 . The instantaneous frequency functions change in opposite directions. When the lower component is the more intense, F(t) moves to lower frequencies as the envelope moves toward its minimum value. When the higher-frequency component is more intense, the frequency modulation moves toward higher frequencies. Listeners hear these fine-structure differences as small changes in the spectral pitch of the signal ͑Helmholtz, 1954; Jeffress, 1968͒.
Feth and O'Malley ͑1977͒ used the discriminability of complementary, two-component complex tones suggested by Voelcker to investigate the spectral resolving power of the auditory system. They reported that the percentage of correct responses, P(C), in a 2IFC task increased from chance to approach 100% for moderate separations ͑1 to 3 bark͒ of the two-component frequencies. However, further separation of the components led to decreased discriminability when the components were apparently resolved by the peripheral auditory filter. The frequency separation for which the Voelcker signals become indiscriminable was suggested as a psychophysical estimate of auditory spectral resolving power. For each center frequency tested, this estimate is approximately 3.5 bark. Thus, in two different experimental paradigms, i.e., vowel matching and two-tone discrimination, the 3.5-bark critical separation plays a role. The critical distance can be viewed as a limit to the range of spectral integration that the auditory system can perform.
In an earlier study, Feth ͑1974͒ had proposed that the perceived pitch of a two-tone complex with components of unequal amplitude should correspond to the envelopeweighted average of the instantaneous frequency ͑EWAIF͒ of the waveform. According to the EWAIF model, the instantaneous frequency occurring where the envelope was large would contribute more to the perceived pitch of the two-tone complex. The EWAIF model accounted for experimental data using narrow-bandwidth complex tones. Its later version, the intensity-weighted average of instantaneous frequency model ͑IWAIF͒ ͑Anantharaman et al., 1993͒, is a simple mathematical variation of the EWAIF that eliminates the computational difficulty of the EWAIF calculation. Anantharaman et al. ͑1993͒ showed that the IWAIF formulation can be transformed into the frequency domain where the IWAIF value corresponds to the COG of the signal spectrum. Given that speech signals are essentially dynamic and complex, changing in both frequency and amplitude over time, the IWAIF model can be viewed as a candidate for testing the COG effect in vowels. IWAIF model predictions were verified for the stationary two-formant speech signals used in Chistovich and Lublinskaja ͑1979͒ by Anantharaman ͑1998͒.
C. Modeling the COG effect
Hermansky ͑1990͒ proposed the perceptual linear prediction model ͑PLP͒ to account for spectral integration in vowel-like signals. The model is consistent with both the F1 -F2Ј concept and with the 3.5-bark auditory integration theory. A speech signal is first processed to produce the socalled auditory spectrum by using three processes derived from psychoacoustics: critical band frequency resolution, equal loudness compensation, and intensity-loudness com- pression. This auditory spectrum is then approximated by an autoregressive all-pole filter, just as in traditional LP modeling, to produce a low-dimensional representation of the speech-signal spectrum. Hermansky suggested that a fifthorder PLP model could extract at most two major peaks from the auditory spectrum, removing the minor spectral peaks. Experimental results from natural and synthetic speech signals confirmed model predictions. When two vowel formants were far apart, the PLP estimated two distinct spectral peaks. With smaller separation of formants of about 3.5 bark, these peaks merged into one peak.
In this paper, we use a modified PLP model to predict and test the COG effect, taking into account the amplitude ratio of two closely spaced formants. In so doing, we investigate whether the COG effect disappears with the 3.5-bark separation of the formants, which would be predictable by the model. Since we manipulate the amplitude ratio in testing the COG effect, we introduce two more stages as our modification to Hermansky's original model, i.e., a peak detection ͑stage 6͒ and a decision maker ͑stage 7͒. An additional modification is the use of a fourth-order LP model spectrum instead of the fifth-order LP filter because our stimuli do not have more than two formants. Consequently, the number of detected peaks at stage 6 is likely to be either one or two depending on the separation of the two formants and their relative levels. We use the modified PLP model to make predictions of the perceptual formant (F v ) as a function of formant frequency separation and amplitude ratio of a twoformant synthetic signal. We hypothesize that if only one local peak is detected, listeners match it at the F v . If two peaks are detected, the decision about F v is based on the frequency-level vector of two local peaks returned from the stage of peak detection. A more detailed description of the model is presented in Xu ͑1997͒.
In testing the COG effect in experiment 1, the modified PLP model is used to predict listeners' performance in matching an adjustable, single-formant vowel signal to twoformant vowel signals. The model predicts that ͑1͒ listeners will match single-formant variable signals to the COG of two-formant reference vowels ͑i.e., F v changes systematically with respect to the relative level A2/A1) only when the distance between F1 and F2 is smaller than the critical distance of 3.5 bark; and ͑2͒ when the distance between F1 and F2 exceeds 3.5 bark, listeners match F v either closer to F1 or F2 or exhibit chance performance.
Experiment 1 also investigates the effect of spectral shape ͑poorly defined spectral prominence versus well-defined spectral prominence͒ on the matching values of F v ; and how the type of excitation source ͑noise versus pulse train͒ affects the matching values of F v .
II. EXPERIMENT 1: COG EFFECT IN TWO-FORMANT SYNTHETIC VOWELS
A. Methods
Listeners
Three young adults, two female and one male, participated. Two listeners were volunteer graduate students in speech and hearing science and one was an undergraduate student paid for her participation. All listeners showed normal hearing at all audiometric frequencies on two screening tests: a tone-threshold test in quiet and a frequency difference limen ͑DLF͒ test. All listeners were given extensive practice before participating in the experiment. Each participant listened 2 h per day, 5 days per week, for a period of several weeks. All experimental data were collected after their response patterns in the adaptive-tracking procedure were convergent and stable.
Stimuli
Two-formant vowel-like signals ͑reference vowels͒ were generated using a formant synthesizer in parallel configuration. The excitation source was either an impulse train ( f 0 ϭ100 Hz) or broadband, Gaussian noise. The F2 -F1 distance was varied in five conditions: 1300-800, 1400-800, 1400-700, 1500-700, and 1700-600 Hz, equivalent to 2.5, 3.0, 3.6, 4.0, and 5.3 bark, respectively. For the 2.5-bark separation, four reference vowels were created with either a different excitation source or different bandwidths. For the remaining four conditions, only the formant frequency separation varied and the other parameters remained constant. A summary of the parameters is given in Table I . The relative level A2/A1 of the two formants was manipulated from Ϫ20 dB to ϩ20 dB in steps of 10 dB. This resulted in five relative amplitude conditions for each reference vowel.
The output sequence of the variable single-formant signals was obtained by passing a source through a secondorder IIR filter with the required F1 and BW1. In order to generate a sequence with two formants, the source was passed through a second IIR filter (F2, BW2͒. The output of the second filter was then scaled and added to that from the first formant. The scale factor (A2/A1) denotes the level of the second formant peak relative to that of the first.
Both the reference ͑two-formant͒ and the variable single-formant target signals were generated by a TDT system II D/A board controlled by a laboratory PC ͑166-MHz Pentium͒ at a sampling frequency of 20 kHz. Signal duration was 300 ms. After being shaped by a 5-ms cosine rise-fall window, the signals were attenuated by a TDT programmable attenuator and filtered by a passive analog filter ͑TTE͒, with cutoff frequency at 8 kHz. Signals were played, monaurally, through the right channel of a Sennheiser HD-414-SL headset at 65 dB SL. The use of noise-excited signals was motivated by the following two reasons. First, when synthetic vowels are impulse-train excited, the interaction between source harmonics and formant frequencies on the effective bandwidth may become significant. The target spectral shapes of both reference and variable signals may be distorted, especially when the frequencies of formant peaks are not in alignment with source harmonics and the bandwidths of those formants are relatively narrow. This suggests that noise-excited synthetic vowels might be better suited for this kind of vowelmatching task. A second advantage of using noise excitation is to encourage subjects to focus on the formant frequency comparison rather than on the fundamental frequency.
Model predictions
The modified PLP model was applied to each twoformant reference vowel. Selected results for vowel # 1 ͑2.5-bark separation, pulse-train-excited͒ are displayed in Figs. 2͑a͒-͑c͒, which shows spectra for three relative formant levels A2/A1ϭϪ20, 0, ϩ20 dB, respectively͒. The acoustic spectrum ͑dashed line͒, auditory spectrum ͑dashed-dotted line͒, and PLP-model spectrum ͑solid line͒ are plotted together. The maximum level for each plot is aligned at 0 dB for comparison. Essentially, the auditory spectrum reduces the contrast between the peaks and valleys of the acoustic spectrum ͑note, however, that the two peaks are still visible͒. The model smoothes the auditory spectrum further so that in each condition, there is only one peak. In ͑a͒ (A2/A1ϭ Ϫ20 dB), the single peaks of the model spectra fall in the vicinity of F1 (800 Hz), while in ͑c͒ (A2/A1 ϭϩ20 dB), they are close to F2 (1300 Hz). In ͑b͒ (A2/A1 ϭ0 dB), the F v prediction is between F1 and F2 but is skewed toward the lower frequency.
The simulation results for the noise-excited vowel # 2 are similar to those for vowel # 1. The only difference is that the model spectra have even broader peaks for the noiseexcited source than for the pulse-excited source ͑see Xu, 1997, for more details͒. In simulations with supracritical separation of formants ͑e.g., vowel # 7 with 4.0-bark separation͒, two peaks are detected in the 0-and ϩ10-dB conditions. The difference between the two peaks is greater than 1 dB. Thus, the predicted value of F v is the higher peak near F2 in both conditions. In the remaining three A2/A1 conditions ͑i.e., Ϫ20, Ϫ10, and ϩ20 dB͒, only one peak is detected, and the predicted F v is the frequency at that peak for each condition.
Note that the model spectrum more likely results in two peaks whenever the two formants of the original signal are of equal level ͑i.e., A2/A1ϭ0 dB). For a comparison across frequency separations, the results for vowels # 2, # 6, and # 8 each with A2/A1ϭ0 dB are shown in Fig. 3 . For the subcritical separation shown in ͑a͒ ͑2.5 bark, vowel # 2͒, only one peak it is detected in the model spectrum. For the two supracritical separations depicted in ͑b͒ ͑3.6 bark, vowel # 6͒, and ͑c͒ ͑5.3 bark, vowel # 8͒, two peaks are detected successfully, although the second peak in ͑b͒ is not separated by a valley as it is in ͑c͒. In the latter plot, the second formant peak is more than 1 dB higher in level than the first. The trend observed with the increasing distance between the formants reveals that ͑1͒ the single peak in the model spectrum becomes broader as separation increases, and ͑2͒ two peaks are detected when separation exceeds the critical distance. The two peaks become sharper as the formant distance increases.
These simulation results applied to a set of two-formant vowel-like signals indicate that the modified PLP model can account for the COG effect reasonably well.
Procedures
The listeners were asked to indicate whether the spectral pitch of the variable single-formant vowel was higher or lower than that of the two-formant reference vowel using a ''double-staircase'' adaptive tracking procedure ͑Jesteadt, 1980͒. The two-formant reference vowel was always pre-FIG. 2. Spectra derived from the proposed PLP model for a two-formant vowel # 1 ͑2.5-bark formant separation, pulse-train excited͒. Relative level (A2/A1) ranges from ͑a͒ Ϫ20 dB, ͑b͒ to 0 dB, ͑c͒ to ϩ20 dB. Acoustic spectra ͑dashed line͒, auditory spectra ͑dashed-dotted line͒, and PLP model spectra ͑solid line͒ are plotted for each A2/A1 ratio.
sented first and the variable single-formant target vowel second, after a 600-ms silent interval. The listeners were instructed to push the right button of the mouse whenever they judged the variable signal to be higher in pitch than the reference signal. When they judged it to be lower in pitch than the reference, they pushed the left button. The doublestaircase procedure maintains two adaptive tracking rules simultaneously. The ''two-up, one-down'' rule ͑Levitt, 1971͒ was applied to both the ascending and descending tracking sequences. Thus, the F v estimate for the descending sequence was at a level for which the variable signal was judged higher than the reference signal on 71% of the trials. For the ascending sequence, F v was judged lower on 29% of the trials.
In order to obtain the value of F v at a given A2/A1 ratio, each of these estimates was based on eight consecutive 70-trial blocks of the double-staircase procedure. For each block, the F v estimates for the descending and ascending sequences were first obtained by averaging the reversal points within each sequence. Then, the point-of-subjectiveequality, PSE, was estimated by simply averaging the F v estimates from the two sequences.
The use of the double-staircase adaptive procedure in lieu of the traditional matching tasks, as in early experiments on COG, was dictated by preliminary results from Lester ͑1996͒, who tested the COG hypothesis in a direct matching experiment. The listeners heard one of the two signals, alternatively. They were asked to adjust the second variable vowel to match the first vowel for quality. The results revealed considerable variability in matching data. The matches were tightly grouped around the lower formant frequency when A2/A1ϭϪ20 dB, but more scattered when A2/A1ϭϩ20 dB. Lester noted that direct matching to the ''perceptual formant'' was difficult even for well-trained subjects of the study. In related work ͑Feth et al., 1996͒, the double-staircase adaptive procedure was used. The results showed that the dispersion of matching values at the higher frequency formant disappeared. This indicates that improvement in performance is related to eliminating inherently subjective judgments and including an objective criterion to measure the correctness of responses. Thus, the decision rules no longer continually select signals near the PSE but focus instead on points above and below it. In this case, the selection of signals by the adaptive procedure is controlled only by the observer's use of the two subjective response categories and not by how the responses relate to the objective properties of the stimuli. Consequently, the difficulty of the subjective tasks is greatly reduced.
III. RESULTS AND DISCUSSION

A. Overall results
The overall results of the experiment are shown in Figs. 4 and 5. All three listeners showed similar F v matching values for all conditions for vowels # 1 through # 5 ͑2.5-and 3.0-bark separations͒, and # 8 ͑5.3 bark͒. The data for these conditions are therefore collapsed across the listeners. However, the results showed individual differences for vowels # 6 and # 7 ͑3.6 and 4.0 bark, respectively͒, which have their frequency separations near the 3.5-bark critical distance. These data were plotted for each subject individually in Figs. 5͑b͒ and ͑c͒. Overall, the results indicate that frequency separation between the two formant peaks of the reference signals along with their relative levels have an effect on F v matching values. When the frequency separation between the two formants does not exceed 3.5 bark, listeners show similar performance. The same is true for the supracritical separation of 5.3 bark. A substantial difference is observed in FIG. 3 . Spectra derived from the proposed PLP model for two-formant vowels for three different F2 -F1 separations and at a constant level A2/A1ϭ0 dB. ͑a͒ vowel # 2 ͑2.5 bark͒; ͑b͒ vowel # 6 ͑3.6 bark͒; ͑c͒ vowel # 8 ͑5.3 bark͒. Acoustic spectra ͑dashed line͒, auditory spectra ͑dashed-dotted line͒, and model spectra ͑solid line͒ are plotted for each vowel.
listeners' performance when the frequency separation approaches the ''critical region'' near 3.5 bark. For both 3.6-and 4.0-bark separations, variable patterns of responses were obtained.
The data were subjected to a two-way analysis of variance ͑ANOVA͒ with subject and relative level A2/A1 as factors. The relative level was significant for all vowel conditions (pϽ0.001). With d f ϭ(4, 105͒, the largest F-ratio of 11 952.49 was obtained for vowel # 8 ͑5.3-bark condition͒ and the smallest F ratio of Fϭ492.68 for vowel # 1 ͑pulse-train, 2.5-bark condition͒. The results of this ANOVA confirmed that, for each vowel condition, the level A2/A1 had a significant effect on F v . Listener differences were not significant for vowels # 1 through # 5, and # 8, but they were significant for vowels # 6 and # 7 ͓F(2,105)ϭ31.78, p Ͻ0.001 and F(2,105)ϭ22.51, pϽ0 .001, respectively͔. This confirms the observed variability in listeners' performance for both 3.6-and 4.0-bark separations.
B. The COG effect
When the distance between the two formants of a reference vowel is smaller than the critical distance ͑3.5 bark͒, ing F v points fall between F1 and F2. However, the data show a different pattern of variance with relative level. That is, the variance in the middle area (A2/A1ϭ0 dB) is much greater than toward the ends (A2/A1ϭϮ20 dB), regardless of the excitation source or formant bandwidth. Standard deviation for the Ϫ20-dB condition ranges from 5.01-19.53 and from 13.80-24.46 for the 20-dB condition, whereas the range for 0 dB is from 48.03-76.37. This might indicate that listeners' uncertainty was greater when the auditory system integrated the spectra of two equal-level formants than when one of the two formants dominated. Another observation is that the range of A2/A1 over which F v changed as a function of A2/A1 is about 40 dB ͑Ϫ20 to ϩ20 dB͒. Figure 5͑a͒ shows a similar result for 3.0-bark separation. These results confirm the existence of spectral COG effect for two-formant vowels when both formants are spaced closely enough to display the predicted variation in the matching frequency of the single-formant vowel.
C. The critical distance
Formant separations in the reference signals were set to 2.5, 3.0, 3.6, 4.0, and 5.3 bark to verify the existence of a critical distance. For all three listeners, a continuous relationship between the F v values and A2/A1 was observed for frequency separations of up to 3 bark. However, when the separation between the formants of the reference vowel increased, this continuous relationship gradually disappeared. It is interesting to note that each listener showed a different breakdown point. For 3.6-bark separation ͓Fig. 5͑b͔͒, listener # 3 first shows a discontinuous relationship between F v and A2/A1, while the other two maintain the continuous relationship. For 4.0-bark separation ͓Fig. 5͑c͔͒, listener # 1 demonstrates the breakdown, and only results from listener # 2 remain continuous. Finally, for 5.3-bark separation ͓Fig. 5͑d͔͒, the continuity disappeared in the performance of all three listeners. This indicates that the three subjects had different estimates of critical distance. This distance may be somewhere less than 3.6 bark for listener # 3, between 3.6 and 4.0 bark for listener # 1, and somewhat larger than 4.0 bark for listener # 2. A comparable pattern of responses was obtained by Chistovich and Lublinskaja ͑1979͒ for the supracritical separation. Performance of both their listeners differed considerably in that one listener showed a clear discontinuous relationship between F v and A2/A1 and the continuity did not disappear in the performance of the second listener despite the large variation of the values of F v . For the latter listener, no clear breakdown point was obtained.
Because the experimental procedure was already very time consuming, we did not explore additional values of A2/A1 to determine where exactly the F v values shifted abruptly from F1 to F2. We can only determine that all fell within A2/A1 values ranging from 0 to ϩ10 dB. This differs from results of Chistovich and Lublinskaja, where the shift from F1 to F2 occurred when A2/A1 was about Ϫ10 dB. This discrepancy in results for one experimental condition is most likely due to differences in the procedures used. Increased variability in the data collected in a direct matching task in Chistovich and Lublinskaja's study may have contributed to this result as well.
The data in Fig. 5 show that, for each listener, the variance of F v is smaller within the supracritical separation than within the subcritical separation. This is true especially for the two formants with equal levels. This is similar to Chistovich and Lublinskaja's results, in which most values for the supracritical distance showed less variation than for subcritical separation. One explanation is that when the two formants of the reference signal are resolved, listeners simply pick either F1 or F2 for F v match. However, the degree of uncertainty in making judgments may be considerably reduced in the double-staircase procedure than in the traditional adjustment task.
D. Formant bandwidths
For the subcritical distance of 2.5 bark, four reference vowels were generated with variable bandwidths. The results for the noise-excited vowels # 2, # 3, and # 4 ͑see Fig. 4͒ show that F v values for vowel # 3 ͑the narrowest formant bandwidth͒ approximated closely the frequency values of either F1 or F2, whereas those for vowel # 4 ͑the widest bandwidth͒ were closer to the COG point. The only exception occurred when A2/A1ϭ10 dB. To investigate the effect of formant bandwidth, a mixed-design ANOVA was performed on F v data for vowel # 2 ͑BWϭ80 Hz͒, vowel # 3 ͑BWϭ45 Hz͒, and vowel # 4 ͑BWϭ150 Hz͒ with subject and formant level A2/A1 as two between-subject factors, and formant bandwidth as the within-subject factor. Formant bandwidth was significant ͓F (2,210) These results are in accord with Beddor and Hawkins' ͑1990͒ findings for their three bandwidth conditions: narrow ͑BWϭ45 Hz͒, medium ͑BWϭ75 Hz͒, and wide ͑BWϭ150 Hz͒, thus supporting the hypothesis that the relative contribution of formant frequency and amplitude might depend on the spectral characteristics of signals. Beddor and Hawkins propose that, in the matching task, formant frequency may be more important than spectral shape for signals with welldefined spectral peaks. Formant amplitudes and spectral shape might be more important for signals with poorly defined spectral peaks. In the former case, the F v might lie closer to the formant frequency values. In our study, the vowel with narrower-than-normal formant bandwidth ͑45 Hz͒ had a well-defined spectral peak, while the vowel with wider-than-normal bandwidth ͑150 Hz͒ had a poorly defined spectral peak. Our results agree with Beddor and Hawkins' hypothesis except when A2/A1ϭ10 dB. Figure 4 shows the matching F v values for the pulsetrain-excited vowel # 1 and the noise-excited vowel # 2 with the same frequency separation ͑2.5 bark͒ and formant band-width ͑80 Hz͒. Generally, listeners showed similar response patterns for the two reference signals. F v values for vowel # 1 were lower than those for vowel # 2 when A2/A1 ranged from Ϫ20 to 0 dB, and higher when A2/A1 was 10 or 20 dB. The variances of the matching values were also comparable at each A2/A1 level for the pulse-train and noise-excited signals. For the two vowels, a mixed-design ANOVA was performed on the F v data with subject and relative level A2/A1 as two between-subject factors, and excitation source type as a within-subject factor. Source type was not significant ͓F(2,105)ϭ1.281, pϭ0.260] and subject effect was not significant ͓F(2,105)ϭ4.554, pϭ0.013]; however, the interaction between source type and relative level A2/A1 was significant ͓F (8,105)ϭ5.352, pϭ0.001] . This justifies the use of Gaussian noise excitation in generating all reference vowels to exclude potential effects of a harmonic complex tone source. The interaction between source type and subject was not significant ͓F(4,105)ϭ1. 731, pϭ0.182] .
E. Excitation source
Overall, these data suggest that listeners are able to perform a spectral integration which depends on frequency separation between two formants. The results confirm the existence of a critical frequency region, in which the listeners' behavior changes rather drastically. This region, identified as ''critical distance'' of about 3.5 bark in early matching experiments by Chistovich and Lublinskaja ͑1979͒ and verified with various degrees of success by subsequent research, may indicate a limit to the range of spectral integration that the auditory system can perform. Thus, the observed COG effect may reflect a more broadly defined auditory behavior which is not peculiar to the perception of speech sounds. The second experiment was conducted to verify this possibility. The striking similarity of the two-tone resolution results of Feth and O'Malley ͑1977͒ to the critical distance observed in vowel matching tasks substantiates the claim that both the critical region and the complex-tone discriminability estimates may be related to a common mechanism, i.e., to an auditory spectral resolving power.
IV. EXPERIMENT 2: TWO-TONE SPECTRAL RESOLUTION BANDWIDTH
A. Methods
The same three trained listeners from experiment 1 participated. As in the synthetic vowel task, all listeners were given an extensive practice on complex signals before participating in the second experiment. Data were collected after there were no further improvements in their performance.
The stimuli used in experiment 2 were two-tone complex signals, which were geometrically centered around a frequency, f c (1000 Hz) so that f c ϭ(
In the target signal, the intensity difference (⌬IϭL 2 ϪL 1 ) between the two components was ϩ1 dB, while in the reference standard signal ⌬I was Ϫ1 dB. The level of a given component at f i is designated by L i . All signals were generated by the laboratory PC using the TDT system II with D/A board. Each signal had duration of 300 ms and was shaped by a 5-ms cosine rise-fall window. The silent interval between signals was 300 ms. The signals were played at a 20-kHz sampling rate. The smoothing filter was the same analog low-pass filter with a cutoff frequency at 8 kHz, as used in experiment 1. Sound level was controlled by a programmable attenuator. All signals were presented monaurally through the HD-414-SL earphones at 50 dB SL.
The two-cue, two-alternative, four-interval forcedchoice paradigm was used. The target signal was presented with equal probability in either the second or the third interval. The reference signal was presented in the remaining three intervals. For the target signal, the higher-frequency component had the higher intensity, i.e., ⌬Iϭϩ1 dB. As in experiment 1, the listeners were asked to indicate whether the pitch of the variable signal was higher or lower than that of the reference signal.
At first, a two-up, one-down adaptive procedure was used with the initial value of the frequency separation, ⌬ f , set at 100 Hz around the center frequency of 1000 Hz. However, the spectral pitch of both target and standard signals changed whenever ⌬ f was changed from one value to another, and all three subjects reported that the task was too difficult to perform in this adaptive procedure. Therefore, a fixed standard procedure as in the Feth and O'Malley study ͑1977͒, was used instead. The ⌬ f was fixed for a block of 50 trials and the percentage of correct discrimination, P(C), was recorded. Each data point at a given ⌬ f value was obtained from 150 trials. The psychometric function for each subject was generated by plotting P(C) for ⌬ f values of 200, 300, 400, 500, 700, and 1000 Hz. For listeners # 1 and # 3, the P(C) values are high for moderate ⌬ f values near 200 Hz. Discrimination performance drops when ⌬ f exceeds 400 Hz. The ⌬ f at which the listener's P(C) falls to 75% is used to estimate the spectral resolution bandwidth. For these two listeners, the estimate is 580 Hz.
B. Results and discussion
Recall the results from experiment 1. We estimated that the critical distance for listener # 1 was somewhere between 3.6 and 4.0 bark, while it was less than 3.6 bark for listener # 3. The same tendency in performance is observed in experiment 2. The shaded area in Fig. 6 extends from a frequency separation equal to 2.5 bark to one equal to 3.6 bark. The ability of these two listeners to distinguish between the two-tone complexes drops below 75% within that same critical region. In the vowel task, when the formant separation was greater than the critical distance, we concluded that the auditory system failed to integrate across the two formants ͑i.e., the two formants were resolved͒. In the two-tone discrimination task, we assume that the discriminability of complementary two-tone pairs dropped below 75% when the two components were resolved by the auditory system. Thus, we conclude that both the critical distance between formants and the complex-tone discriminability limit are dependent upon the same auditory spectral resolving power.
The performance of listener # 2 in the discrimination task is very different from that of the other two listeners. The P(C) values fluctuate across the whole ⌬ f range as seen in Fig. 6 . Even for moderate ⌬ f values, P(C) does not approach 100%. Furthermore, discriminability does not drop with larger ⌬ f values. We have no explanation for why this listener performed so differently. Although this listener was given much more practice than the other two, she was unable to do the task and her performance is clearly different. Thus, we cannot determine the spectral resolution bandwidth for listener # 2. We infer from experiment 1 that her estimated critical distance is greater than 4.0 bark. Based on this value alone, we might conclude that her spectral resolution bandwidth is larger than 4.0 bark. This would lead us to predict that her ''Ϫ75%'' estimate is greater than 800 Hz in the two-tone task. However, her performance in experiment 2 was never regular enough to give us a solid basis to reach this conclusion.
V. GENERAL DISCUSSION AND CONCLUSIONS
As outlined in the Introduction, the phenomenon of spectral integration has been studied from two perspectives, i.e., as a perceptual averaging of a formant cluster in approximating phonetic quality of vowels (F2Ј or center of gravity of the cluster͒, and as a frequency-displacement effect resulting from the interaction of frequency and relative amplitude ratio of two closely spaced formants ͑the COG effect͒. A common underlying approach for the two lines of research was to verify the early observations that spacing between two formants plays an important role in making perceptual decisions about vowel quality.
Although linking the 3.5-bark limit of spectral integration with F2Ј brought consistent experimental results to confirm the importance of COG in estimating vowel quality in two-formant models, formalizing the COG effect encountered difficulties. The question of adequate methodology to study the COG effect arose as a consequence of attempts to formally account for its manifestation. Assmann's study ͑1991͒ showed no support for a COG effect using the first two formants of multiformant back vowels. His results from the vowel identification paradigm were also inconclusive. The use of matching tasks advocated by the Leningrad group has also been questioned as the only, and perhaps not very reliable procedure, to measure the COG effect. Considerable variability in the data from Chistovich and Lublinskaja ͑1979͒ and Lester ͑1996͒ provide additional evidence that a refinement in the experimental procedure to study the COG effect was necessary. It is worthwhile to note that both the ''double-staircase'' adaptive procedure used in Feth et al. ͑1996͒ and the two-cue, two-alternative forced-choice paradigm, as in Feth and O'Malley ͑1977͒, reduced the variability in the data.
A more reliable methodology gave rise to the question of the role of the COG effect and the formant amplitude ratio in estimating vowel quality. That is, for two closely spaced formants, listeners performance is predictable. When the frequency separation between the formants exceeds the 3.5-bark distance, relative levels of the formants do not contribute to otherwise predictable listening behavior: decisions about vowel identity are based entirely on the frequency of the formants. The experimental data on Russian vowels show that, for a subcritical separation of 3.5 bark, a change in A2/A1 ratio in two-formant vowels is perceptually equivalent to the frequency change which determines vowel quality.
In this study, we examined whether the COG effect plays role other than approximating phonetic vowel quality. Consequently, our listeners responded to the changes in vowel pitch, not vowel quality. In this respect, the task in experiment 1 was similar to that in experiment 2, in which the same listeners responded to differences in pitch in twotone signals. In testing the COG effect in experiment 1, we sought to verify the role of the critical separation of 3.5 bark in spectral integration, using both a more reliable experimental procedure and model predictions incorporating the interaction between formant frequencies and their relative amplitudes. In this endeavor, we re-examined some aspects of Chistovich and Lublinskaja's results ͑1979͒ and introduced further modifications to the methods such as source type ͑Gaussian noise͒ and bandwidth manipulations, as in Beddor and Hawkins' study ͑1990͒. We used well-trained listeners as subjects of our study because we were interested in the optimal performance of the human auditory system in testing the COG effect.
The results of experiment 1 confirm that the COG effect occurs within the limit of spectral integration of 3.5 bark. Listeners' responses to changes in vowel pitch indicate a match in frequency according to the COG mechanism: when F2 is much weaker than F1 (A2/A1ϭϪ20 dB), the matches fall in the vicinity of the stronger F1 and, conversely, listeners match the frequency closer to F2 when F1 is weaker (A2/A1ϭϩ20 dB). However, when both formants are of equal strength (A2/A1ϭ0 dB), the matches fall somewhere between the two formants, and an increased variability is observed in the data. Crucially, this tendency is maintained for all conditions within the subcritical formant separation for vowels # 2 through # 5.
In designing experiment 1, we hypothesized that spectral shape ͑poorly defined spectral prominence versus welldefined spectral prominence͒ affects the matching values of F v . Accordingly, three two-formant vowels with variable bandwidth were generated with subcritical separation of 2.5 bark ͑vowels # 2 through # 4͒. The vowel with narrowerthan-normal formant bandwidth of 45 Hz had a well-defined spectral peak ͑vowel # 3͒, and the vowel with wider-thannormal bandwidth ͑150 Hz͒ had a poorly defined spectral peak ͑vowel # 4͒. Model predictions were verified in the experimental data. Listeners approximated the frequency of either F1 or F2 for the narrow-bandwidth vowel # 3, thus selecting one of the ''stronger'' peaks. For vowel # 4, the matches fell closer to a frequency between the formants, which is in accord with the COG effect. Our results and model predictions support Beddor and Hawkins' hypothesis with one exception, i.e., when A2/A1ϭ10 dB.
Experiment 2 verified earlier findings by Feth and O'Malley ͑1977͒ that spectral integration in two-tone complex signals occurs within the limit of the 3.5-bark resolution bandwidth. Given that the responses in experiment 2 came from the same participants as in experiment 1, we conclude that the complex-tone discriminability and the spectral integration limits reflect the same auditory spectral resolving power. This further suggests that the auditory processing of complex signals at the intermediate stage, i.e., before higherlevel decision processes apply, is the same for speech and nonspeech signals.
As discussed in the Introduction, several models were previously proposed for predicting the performance of listeners asked to match an adjustable one-formant to a fixed twoformant signal. Early work suggested that a simple calculation of the spectral centroid of the two-formant signal would serve this purpose ͑Chistovich et al., 1979͒. We verified the predictions of the spectral centroid model and also used the IWAIF model for a comparison with the present results. Figure 7 displays a summary of predictions of our modified PLP model, the IWAIF model, and the spectral centroid model, along with the group data for vowel # 2 ͑2.5-bark separation, noise-excited͒ averaged across three listeners. To implement the IWAIF and spectral centroid models, we assumed that signal energy outside the critical distance was not available for the calculation.
Clearly, the spectral centroid model performs most poorly in this comparison. The predicted relationship between F v and relative formant levels does not fit the experimental data. The endpoints are overestimated for F1 peak and underestimated for F2 peak, and only the value at the center of the A2/A1 range falls within the error bars. For both the PLP model and the IWAIF model, there is much better agreement with the data. The PLP model predicts well the performance at the endpoints ͑i.e., both extreme A2/A1 values͒ but underestimates listeners' matches by more than 2 standard deviations at A2/A1ϭ0 dB. The IWAIF model, on the other hand, predicts listeners' matches that fall just above those obtained in the experiment. An exception to this tendency is the F2 region where the predicted values are lower than those in the experimental data. At this stage, it is still premature to determine which of the two models, the PLP model or the IWAIF model, is better suited to predicting COG effects with greater accuracy. Further refining of the IWAIF model is probably necessary, since we had to assume an arbitrary limitation on signal bandwidth to produce a reasonable prediction of performance.
In conclusion, the two experiments reported here have shown that the 3.5-bark limit on spectral integration appears to reflect a property of auditory processing rather than some special processing unique to speech sounds. This study, and that of Chistovich and Lublinskaja ͑1979͒, used a small number of very well-trained listeners, but some evidence for individual differences in the size of the critical separation is apparent in both. The effects of formant bandwidth and excitation source were predictable. Finally, a preliminary comparison of model predictions of COG performance did not favor one model strongly; however, the simple spectral centroid model was clearly the poorest at predicting listener matches.
The signals used in the current study were spectrally static. That is, the parameters of both the adjustable and the reference signals remained constant for the entire duration of the sound. Real speech sounds are typically dynamic; that is their formant frequencies and amplitudes change, sometimes rapidly, over time. Lublinskaja ͑1996͒ has recently reported that the COG effect can be demonstrated dynamically by amplitude modulation of formant amplitudes. Further work on modeling of the COG effects therefore should take into account these dynamic effects.
